One sentence summary: Mosaic modularity of R-type bacteriocin tail fiber sequence contributes to competitive ability in strains of Xenorhabdus bovienii. Editor: Alejandra Bravo ABSTRACT R-type bacteriocins are contractile phage tail-like structures that are bactericidal towards related bacterial species. The C-terminal region of the phage tail fiber protein determines target-binding specificity. The mutualistic bacteria Xenorhabdus nematophila and X. bovienii produce R-type bacteriocins (xenorhabdicins) that are selectively active against different Xenorhabdus species. We analyzed the P2-type remnant prophage clusters in draft sequences of nine strains of X. bovienii. The C-terminal tail fiber region in each of the respective strains was unique and consisted of mosaics of modular units. The region between the main tail fiber gene (xbpH1) and the sheath gene (xbpS1) contained a variable number of modules encoding tail fiber fragments. DNA inversion and module exchange between strains was involved in generating tail fiber diversity. Xenorhabdicin-enriched fractions from three different X. bovienii strains isolated from the same nematode species displayed distinct activities against each other. In one set of strains, the strain that produced highly active xenorhabdicin was able to eliminate a sensitive strain. In contrast, xenorhabdicin activity was not a determining factor in the competitive fitness of a second set of strains. These findings suggest that related strains of X. bovienii use xenorhabdicin and additional antagonistic molecules to compete against each other.
INTRODUCTION
Bacteria employ several strategies to compete for resources and favorable niches. Interference competition is a direct antagonistic interaction in which organisms produce compounds to directly inhibit or kill competitors (Hibbing et al. 2010) .
Antagonistic compounds include small antibiotics, proteinaceous molecules such as colicins and phage-derived bacteriocins (Riley and Wertz 2002; Clardy, Fischbach and Walsh 2006; Morales-Soto and Forst 2011) . Several lines of evidence have demonstrated that bacteriophages and phage-derived particles can determine bacterial community structure and are major drivers of diversity of bacterial populations (Weinbauer and Rassoulzadegan 2004; Bashey et al. 2012) . Compared with antibiotics and proteinaceous colicins, the role of phage-derived bacteriocins in competitive interactions has been less well studied. R-type bacteriocins are contractile phage-tail-like structures related to P2 phage encoded in remnant prophage clusters composed of tail sheath, tube, baseplate and fiber genes (Nakayama et al. 2000) . The conserved N-terminal region of the tail fiber interacts with baseplate proteins, while the divergent C-terminal end determines target-binding specificity (Nakayama et al. 2000) . While antibiotics generally have a broader spectrum of activity, R-type bacteriocins are effective against more closely related species and strains.
Generation of tail fiber diversity in R-type bacteriocins has been demonstrated in Erwinia carotovora (carotovoricin) in which a DNA region encoding the C-terminal fiber module located adjacent to the main fiber gene inverts to create two distinct tail fibers (Nguyen et al. 2001) . DNA inversion of tail fiber genes also occurs in Photorhabdus luminescens, the sister taxon of Xenorhabdus spp. (Gaudriault et al. 2004) . Recent investigation of the tail fibers of R-type bacteriocins of the mutualistic bacteria Xenorhabdus nematophila and X. bovienii suggested that modules encoding fragments of tail fibers were exchanged between the respective species (Morales-Soto et al. 2012) .
Xenorhabdus species form mutualistic associations with soildwelling entomopathogenic nematodes of the Steinernematidae family (Forst and Clarke 2002; Herbert and Goodrich-Blair 2007) . Colonized nematodes invade an insect host via natural openings and enter the hemocoel where they release Xenorhabdus into the insect hemolymph. The bacteria suppress the insect's innate immune response and produce antibiotics and colicin (xenocin) that inhibit the growth of sensitive gut-derived bacteria that enter the hemocoel during nematode invasion (Hwang et al. 2013; Singh and Banerjee 2008; Bode 2009; Singh et al. 2015) . Insect hosts may also be co-infected with more than one species of entomopathogenic nematode (Lewis 2002; Puza and Mracek 2009) . We showed previously that in vivo reproduction of aposymbiotic Steinernema carpocapsae (not colonized with its cognate symbiont, X. nematophila) was inhibited by a bacterial noncognate symbiont isolated from another entomopathogenic nematode (Morales-Soto and Forst 2011). The non-cognate competitor was eliminated and nematode reproduction was restored when wild-type X. nematophila was co-injected into the host. A mutant strain in which the tail sheath gene (xnpS1) of the remnant P2 phage cluster (xnp1) was inactivated did not restore nematode reproduction. Xenorhabdus nematophila also possesses an intact P2 phage cluster of X. nematophila that is neither expressed nor involved in interspecies competition. Similarly, a remnant P2 cluster (xbp1) in the X. bovieni strain isolated from S. jollieti was expressed and required for xenorhabdicin production (MoralesSoto et al. 2012) . These results suggest that xenorhabdicins are involved in the defensive mutualistic association between Steinernema nematodes and their Xenorhabdus symbionts.
Since strains of the same species are likely to occupy overlapping ecological niches, competition between strains is predicted to occur on a biological scale (Hawlena, Bashey and Lively 2012) . Xenorhabdicin-producer and non-producer isolates of X. bovienii were recently obtained from naturally coexisting Steinernema nematodes . Xenorhabdicin activity was implicated in conferring a competitive in vivo growth advantage to the producer cells but not the non-producer cells coinjected with a sensitive competitor. Recent genome sequencing of nine strains of X. bovienii isolated from six different species of Steinernema nematodes established genetic diversity at the strain level (Murfin et al. 2015a) . Further, in experiments using these strains an inverse correlation was noted between fitness of a S. feltiae-X. bovienii complex and phylogenetic distance of the test X. bovienii strain from the native symbiont of the nematode. Overall these data suggest that diversity at the strain level may underlie specific interactions with distinct nematodes to help maintain symbiotic associations (Murfin et al. 2015b) . Since xenorhabdicins may provide fitness benefits to producer strains, we examined remnant P2-like phage clusters and the C-terminal region of tail fibers in draft genomic sequences of nine X. bovienii strains.
MATERIALS AND METHODS

Bacterial strains and growth conditions
Strains used in this study are listed in Table S1 (Supporting Information). All strains were grown in lysogeny broth (LB) at 30
• C.
Green fluorescent protein (GFP)-producing Xenorhabdus bovienii strains were constructed as previously published (Murfin et al. 2012; Chaston et al. 2013) . Using the plasmid mini-Tn7-KSGFP (Teal et al. 2006) , the GFP-encoding gene was introduced into the attTn7 site of strains Xb-Sf-FL, Xb-Sf-FR and Xb-Sf-MD to produce GFP-producing strains.
P2-type prophage bioinformatics analysis
The xenorhabdicin-encoding P2-type prophage clusters were identified using the BlastP algorithm in the MaGe MicroScope platform. Genes were annotated according to the results of the BlastP algorithms. The EMBL Clustal Omega and NCBI Align Sequences Protein Blast algorithms were used to identify conserved tail fiber sequences and calculate percent identity.
Bacteriocin-enriched preparations
LB (100 mL) subcultures inoculated with a 50-fold dilution of overnight cultures were grown to an OD 600 = 0.3-0.4 and induced with 5 μg/mL mitomycin C for 15 h. RNase A and DNase I were added to a final concentration of 1 μg/mL each and cultures were incubated at 37
• for 30 min. Cellular debris was removed by centrifugation, and supernatants were sterile filtered. Bacteriocin-enriched fractions were obtained by precipitation at 4 • C for 2 h with polyethylene glycol 8000 (10% w/v final concentration) and NaCl (1M final concentration). Bacteriocin-enriched fractions were harvested by centrifugation at R max of 13 776 × g at 4
• C for 15 min, resuspended in 3 mL LB, and centrifuged again for 5 min. Supernatants containing xenorhabdicins were sterile filtered and stored at 4
• C. For protein analysis of bacteriocinenriched fractions, 300 μL aliquots were ultracentrifuged at R max of 287 582 × g at 4
• C for 15 min, pellets were resuspended in 40 μL of Laemmli buffer and 3-6 μL were loaded on a 8%-16% PAGE gel (Genscript). For transmission electron microscopy, ultracentrifuged pellets were resuspended in 50 mM Tris-HCl (pH 8.7). 5 μL was placed on grids and negative stained with 0.8% phosphotungstate for 2 min. The samples were examined using a Hitachi H-600 transmission electron microscope operated at 75 kV.
Microplate assay of xenorhabdicin activity
Subcultures (250 μL of overnight culture added to 5 mL LB) were grown to an OD 600 = 0.5-0.6. Assays contained 100 μL of diluted subculture (1200-fold) and 50 μL of xenorhabdicinenriched preparations in a 96-well plate and incubated for Figure 1 . Remnant P2-type prophage of X. bovienii strains. Open reading frames (ORFs) are classified by color: tail synthesis structural proteins (purple), highly conserved unknown proteins (gray), lysis genes (yellow), truncated tail fibers (light green), transposases (pink) and other uncharacterized prophage encoded ORFs (white). The remnant prophage clusters were divided into two classes based on difference of the respective H1 tail fibers. A 210-amino-acid sequence was absent in class I fibers and was present in class II fibers (see Fig 3) . ORFs are not drawn to scale. P2-type prophage clusters were identified using XbpS1 of X. bovienii SS2004 as the query sequence and the MaGe platform (www.genoscope.cns.fr/agc/microscope/home/index.php).
24 h. Percent inhibition was calculated by comparing OD 600 of control cultures with cultures treated with xenorhabdicinenriched fractions.
In vitro competition assays
Subcultures of wild-type and GFP-labeled strains (250 μL of overnight culture added to 5 mL of LB) were grown to midexponential phase. Cultures were normalized to an OD 600 = 0.25, and 250 μL of normalized cells were used to inoculate 5 ml of LB broth for control and competition cultures. Equal volumes (125 μL) of each competitor were used in competitions. Colonyforming units per milliliter at 0 and 24 h were determined by dilution in Grace's insect medium and plating on LB agar. Competition experiments for both marked and unmarked strains were performed three times. Statistical significance was calculated by unpaired t-tests using GraphPad QuickCalcs. (Table S1 , Supporting Information). The organization of the primary structural genes between gene X and the T1 tube gene is identical in all strains (Fig. 1) . The respective baseplate (V-I), sheath (S1) and tube (T1) proteins are highly conserved sharing >98% amino-acid sequence identity (Fig. 1 , Tables S2 and S3 , Supporting Information). Other prophage proteins such as endopeptidase (enp) share ∼90% amino-acid identity. CI regulatory genes are present upstream of gene X in all of the P2-like prophage clusters (not shown). Additional conserved phage genes (purple arrows) and hypothetical genes (white arrows) are present between xbpH1 and xbpS1 (H1-S1 region). The sequences of the remnant P2-type prophage of the Xb-Sj draft genome and the complete Xb-Sj-2000 (Chaston et al. 2011) genome were identical providing evidence that the P2-type prophages of the nine draft genomes were accurately sequenced. Finally, we did not find additional P2-type prophage in the Xb-Sf draft genomes. The H1-S1 regions in all strains except Xb-Sk-BU contain a variable number of genes that encode truncated tail fiber fragments (F) that share similarity with various regions of tail fiber genes present in the remnant P2-like prophages of X. bovienii strains. Transposon genes (T) are present in several of the H1-S1 regions suggesting that the accumulation of fiber fragments may occur via lateral transfer by transposition.
RESULTS AND DISCUSSION
Comparison of the tail fiber fragments in the xbpH1-xbpS1 region
To assess the generation of tail fiber diversity in different strains of X. bovienii, we analyzed the H1-S1 region of three X. bovienii strains obtained from Steinernema feltiae nematodes isolated from different geographic locations (Fig. 2) . The Xb-Sf-FR and Xb-Sf-FL strains and their respective nematode partners belong to the same clades, while the Xb-Sf-MD strain is more closely related to X. bovienii from S. puntauvense (Murfin et al. 2015a) . We showed previously that R-type bacteriocins were induced by mitomycin C in the Xb-Sf-FL strain (Morales-Soto et al. 2012) . Figure 2 shows that genes 28 and 29 in Xb-Sf-FL are identical to genes 10 and 11 in Xb-Sf-FR and genes 25, 26 and 27 of Xb-Sf-FL are identical to genes 8, 7 and 6 of Xb-Sf-FR. In contrast, gene 30 in Xb-Sf-FL was not similar to any of the genes in the H1-S1 region of Xb-Sf-FR, while the sequence between amino acids 15-357 of gene 30 was 100% identical to the C-terminal 341 amino acids of the tail fiber of Xb-Sf-FR (gene 12). Similarly, gene 9 in Xb-Sf-FR is 100% identical to the C-terminal 371 amino acids of XbpH1 of Xb-Sf-FL. These findings suggest that divergence of the tail fibers of these two strains may have been generated by translocation and inversion of genes 28-30 of Xb-SF-FL such that the tail fragment gene 30 replaced the C-terminal region of the tail fiber (gene 24) producing the tail fiber of Xb-Sf-FR (gene 12).
The H1-S1 region in Xb-Sf-MD contains three genes, one of which (gene 20) is 79% identical to both gene 7 in Xb-Sf-FR and gene 26 in Xb-Sf-FL. The C-terminal region of XbpH1 in Xb-Sf-MD is unique and is not similar to the fiber fragments in either Xb-Sf-FR or Xb-Sf-FL. Thus, the H1-S1 cassette of Xb-Sf-MD was likely acquired independently and is consistent with the more distant phylogenetic relationship of Xb-Sf-MD relative to the XbSf-FL and Xb-Sf-FR strains.
Mosaic organization of submodules in the XbpH1 tail fibers
The length of the H1 tail fibers in the nine strains is highly variable ranging from 485 (Xb-Sf-BU) to 922 (Xb-Si) amino acids (Fig. 3) . Six of the tail fibers contain unique sequences (white) not found in other tail fibers. Comparison of the amino-acid sequence of the XbpH1 tail fibers revealed that the N-terminal 310 amino acids (black) are identical, while the C-terminal regions consist of several different submodules and are highly divergent (Fig. 3) . A conserved 13-amino-acid sequence (orange box) is located at the junction of the N-terminal domain and the C-terminal modules in all X. bovienii tail fibers suggesting it is involved in recombination events that generate diversity in the C-terminal domain. Extensive submodule exchange is apparent in the C-terminal domain. For example, the submodule between amino acids 401 and 627 of XbpH1 of Xb-Sf-FL (purple) is also present in the C-terminal region of Xb-Sj (Fig. 3 , Table S4 , Supporting Information). Likewise, a 123-residue submodule at the C-terminus of the tail fiber (brown) is also present in the tail fibers of Xb-Sk-CA and Xb-Si (Fig. 3, Table S4 ). Similarly, the C-terminus of XbpH1 of Xb-Sf-FR consists of a submodule of 193 amino acids (pink) into which a 53-residue submodule (yellow) has been inserted (Fig. 3) . These submodules are also present in the C-terminal region of XnpH1 of X. nematophila (Fig. 3, Table S4 ). The XnpH1 fiber possesses an ∼210-amino-acid submodule (blue) that is attached to the conserved N-terminal domain (black). This submodule is also present in the fibers of Xb-Sf-MD and Xb-Si (class II fibers). The conserved 13-amino-acid sequence (orange) identified in class I fibers (see above) is also present at the junction of the N-terminal domain (black) and 210-amino-acid submodule (blue) in class II fibers. Finally, the tail fiber of Xb-Sf-MD possesses a 120-aminoacid submodule (red) also present in the fibers of Xb-Sk-CA and Xb-Sj and a 150-amino-acid submodule (light blue) found in the fiber of Xb-Sj (Table S4) . Thus, the diversity of tail fiber sequence of X. bovienii strains isolated from distinct S. feltiae nematodes is apparently the result of extensive DNA transfer that generated unique mosaic organizations of submodules. These findings are reminiscent of gene mosaics of tail fibers of DNA bacteriophage in which horizontal gene transfer and DNA inversion were responsible for exchange of host-range determinants (Sandmeier 1994) . Another example of variation of C-termini domains attached to conserved core N-terminal domains is evidenced in the Rhs proteins encoded in enterobacterial genomes. Homologous recombination of existing C-termini domains with other alternative domains carried on episomes was proposed as the mechanism driving C-termini variation (Jackson et al. 2009 ). 
Analysis of xenorhabdicin activity
The competitive outcome between X. bovienii strains is correlated with the relative activity and level of production of the xenorhabdicins of the respective strains . Since the activity of xenorhabdicins of different isolates of the same strain of Xenorhabdus has not been previously analyzed, we assessed the relative activity of xenorhabdicins from the three isolates of Xb-Sf. To this aim phage tail-enriched fractions were prepared from cell cultures induced with mitomycin C. The optical density of cultures 15 h after addition of mitomycin C was markedly lower than uninduced cultures indicating that cells had lysed due to prophage induction (unpublished data). The same amount of phage tail sheath protein (XbpS1) was present in the phage tail-enriched fractions of Xb-SF-FL (Fig. 4, lane 3) and Xb-Sf-FR (lane 5). The amount of XbpS1 was similar in the phage tail-enriched fraction of Xb-Sf-MD (lane 7) though it migrated to a lower apparent molecular weight. XbpS1 was barely detectable in the uninduced preparations (lanes 4, 6, 8) . Analysis of the phage tail-enriched fractions by transmission electron microscopy confirmed that R-type bacteriocins were present in the induced phage tail-enriched preparations of XbSf-FL and Xb-Sf-FR (Fig. S1, Supporting Information) . Xb-Sf-FR and Xb-Sf-FL belong to the same clade, while Xb-Sf-MD is more closely related to X. bovienii from S. puntauvense (Murfin et al. 2015a) . Likewise, the remnant P2-type prophage of Xb-Sf-MD is distinct from the other Xb-Sf strains (Figs 1-3) . We found that the phage tail-enriched preparations of Xb-Sf-MD had both typical R-type bacteriocins (Fig. S1 ) and other phage tail structures that were morphologically distinct. The Xb-Sf strains contain several phage clusters that are more similar to lambda and Mu prophage. The origin of the morphologically distinct page tail structures of Xb-Sf-MD is not presently known. Together, these findings indicate that R-type bacteriocins were induced by mitomycin C in the Xb-Sf strains.
We tested the growth inhibiting activity of each xenorhabdicin preparation against the two other strains (Table 1) . Each xenorhabdicin displayed a different pattern of activity consistent with the high degree of variability of the C-terminal tail fiber regions. Xb-Sf-FR xenorhabdicin was highly active against XbSf-MD that belongs to a different clade than Xb-Sf-FR and Xb-Sf-FL (Murfin et al. 2015a) , but was inactive against the more closely related Xb-Sf-FL strain. The Xb-Sf-MD xenorhabdicin displayed the same moderate activity against both Xb-Sf-FR and Xb-Sf-FL. Finally, xenorhabdicin from Xb-Sf-FL was inactive against the other Xb-Sf strains. Error bars show standard errors of the means. Asterisks indicate statistically significant differences (P < 0.05) as calculated by unpaired t-tests using the GraphPad QuickCalcs t-test calculator. Each competition was repeated at least four times. 
In vitro competition between Xb-Sf strains
To determine whether the different levels of xenorhabdicin activity described above correlated with competitive success of the producer strain, we carried out pairwise coculture experiments. To distinguish between the Xb-Sf strains, a GFP-encoding gene was inserted into the respective chromosomes and competitions were carried out with a GFP-marked strain and an unmarked strain. Inverse competitions were also conducted in which the strain marked with GFP was reversed. The outcome of the competition was determined by counting the number of fluorescent and non-fluorescent unmarked colonies using fluorescent and light microscopy. Before performing the competition experiments, we confirmed that the individual growth rates of the GFP and unmarked versions of each strain, and the growth rates of each strain relative to the other strains were comparable (unpublished data). The strong inhibition of the MD strain by the xenorhabdicin of the FR strain suggested that the latter would display a competition advantage over the MD strain. To test this prediction, the strains were cocultured for 24 h and dilution plated. In the competition between GFP-MD and the unmarked FR strains, the MD strain was completely eliminated (Fig. 5A ). In the inverse competition, the GFP-FR strain outcompeted but did not completely eliminate the unmarked MD strain ( Fig. 5B; see below) . Thus, the high level of activity of the FR xenorhabdicin in the bacteriocin assay correlated with the ability to outcompete the MD strain. In contrast, the MD strain was resistant to the xenorhabdicin of the FL, strain while the MD xenorhabdicin moderately inhibited the FL strain. Based on the relative activity of the respective xenorhabdicins, the MD was predicted to outcompete the FL strain. Unexpectedly, the GFP-FL strain outcompeted but did not eliminate the MD strain (Fig. 5C ). In the inverse competition, the GFP-FL strain was able to outcompete the MD strain (Fig. 5D) although the unmarked MD strain grew to a higher level than in the GFP-MD versus FR competition (Fig. 5C ). These findings suggest that xenorhabdicin was not a primary determinant in the outcome of this competition and that the FL strain produced antagonistic factors that were active against the MD strain.
The more closely related FR and FL strains were shown to be resistant to each other's xenorhabdicin (Table 1) suggesting that neither would have a competitive advantage when grown together. In cocultures with the GFP-FL and unmarked FR strains, neither strain was inhibited although the FR strain grew to slightly higher levels (Fig. 5E ) while the unmarked FL strain grew to slightly levels in cocultures with the GFP-FR strain (Fig. 5F) . Therefore, the slight differences in growth in cocultures with the closely related FR and FL strains were apparently not due to antagonistic factors but rather to fitness costs imposed by the expression of GFP. The apparent fitness cost was also discernible in the competition with the MD strain in which the marked FR and FL strains inhibited growth of the MD strain to a lesser extent than the unmarked strains.
CONCLUSIONS
We show that modular exchange and DNA inversion generate diversity and specificity in xenorhabdicin tail fibers in related strains of Xenorhabdus bovienii. Xenorhabdicins may participate in the competitive success of some strains of X. bovienii, while different antagonistic factors may determine the competitive outcome between other strains. Under natural biological conditions, the level of expression and activity of the various antagonistic factors, relative proportion of each competitor, differences in in-host growth rate and other variables interact to influence the competitive outcome. These interactions may in turn affect maintenance of community diversity .
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